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Seimmic-acoustic signal trensmission experiments, employing novel seisaic
transducers on land and lake ico as transmitters and conventional hydrophonss
in wvater bensath the ice &s receivers, are described. Ths observed influences
of wave excitation axd propagation phencmena on the signal character of trans-
missiona through earth, ice, and water are discussed. ipplications of seimmic-
acoustic systems for communications and target detection are indicatsd.
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. Research was performed and authorized under DA GA1743, AMC Code 5011
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¥

3 Mr. M. M. Kleinermann of the Naval Ordnance Laboratory conceived the
| gi'ﬁ idea of using experimental seismic systems for communication with and dstec-
S tion of sulmarines submerged bensath solid ice covers in arctic seas,

Contributions by Mr. W. Schneider relative to the design of seiamic
- transducers and Mr, G. LaMeune relative to the mschanical construction of
= ’ irangducers and ancillary equipments are gratefully acknowledged. The Seis-
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mic Communication Ressarch Team of Division C, Institute for Exploratory
Research extends thanks to Mr. A. Zanella, ECOM, who assisted in setting uwp
and operating the electirical instrumentation and Miss Anne Stommel for her
assisgtance in the preraration of this report.

- Special thanks are due Capt., Clifford Schumann, U. S. Air Force Liaison

s Officer, USAECOM, for his efforts in obtaining permission from the Wade Co.,
: Keeaville, New York to use its property for access to Lake Champlain for ex-
v 3 periments with seismic transmisaions.
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COMMUNICATION AND TARGET DETECTION THROUGH ICE
BY ME4NS OF SEISHIC ACCUSTIC SIQMNALS

INTRODUCTION

A high level of perfection has been attained. in sonar end acoustic under-
wvatsr communication systcms in open seas. In ice-coversd arctic watars, how-
ever, interference caused by acoustic noise emanating from moving and burst-
ing ice affects the performance of these systems. The operationsl requirement
that acoustic devices must first be inssrtad through ice, and then immarsed
into water, also makes existing systams far from porfect.

In sulmarins rescue operations in the Arctic, holes must be driilad
through the ice before immersing hydrophone detectors or the applicable
sources necessary for dstection of and/or communication with sublmsrinss suvb-
merged below the ice cover. Time spent drilling these holes conld be batter
used in finding the vessel and saving lives. Hence, an urgent need exists
for efficient seismic-acoustic devices and techniquas by which sigrals can be
transmitted via ice into water, and received via water on the ice.

Further, it is necessary to communicate by seismic-ascoustic msans from
underground command installations to the surface. Iow-frequency seismic
signale are able to penetrate the uppsr westhered layers of the earth and
soil overburdsn; however, in the case of underground bhardened sites such as
minss or tunnels, the stresa-siiffensd walls inhibit radiation snd upward
tranasission. In the cass of high-frequency transmissions, the extremely
abgorbent weathered layer blocks transmissions from reaching the surfaces
however, high-frequency signals do penstrate sediment layers cn tha botions
of lakes and can be raceived in water by hydrophonss. It is necessary to
transmit and receive seismic-acoustic signals via both land and wmier to im-
plement & "Hard-Line® comsunications system, Such a seismic-acoustic system
will permit commnication between surface or underground ingtallations on tho
coast and submarines submerged offshore.

The seismic-acoustic experiments described in this repirt are the first
phase in the development of a seiomic-acoustic system for communication and
datection between the earth and ice-coversd watar,

DISCUSSION
Development of the Ccncept

The idea of using an experimental seismic commmnications system for ep-
plication t¢ submarine communications in the Arctic was conceived by M, M
Kleinermann of the Naval Ordnance Laberatory, Silver Spring, Maryland,
Implemantation of this idea was accomplished by nodiﬁcauon of pments
and procadures used in previous experiments during which nominal Hz sels-
mi¢ signals were transmitted through lake ice by the flsxural-wave mods.2
The modification permitted signal recspticn in water, and used hydrcphones
ismmorsed below the ice at various distances from the seismic traunsducers
(XTDs) located on the surface of the ice.
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In view of the difficulties usually encountersd in experimental work in
the Arctic, it was decided tc conduct low-cost fessibility experiments on
Lake Chemplain in Hew York State (Fig. 1),

Experimental Setup and Instrumentation

A van seimdc communiocsations instruments was set up on the Wade
property (Fig. 1). Two reconant seismic transducers (80 Hz, 200W)
wers situated 100 metars from, and L0 meters sbove, the surface of the lake
cn a flat spot at the crest of a hill (Mg, 2). Nour seismic transducers
(80 Hs yesonant, 10 W) and an improvised version of the experimental stack
transdncer (Fig. 3) were placed on the ice spproximately 200 meters offshore.

In commnications experiments, the amsll (10 W) seismic transducers were
deplayed at 15-meter spacings in the form of a limear array oriented perpen-
dicular to the shore., During experiments relating to obstacle scattsr and
dstection, ths amall tranasducers wero deployed in the form of a sguare &rrsy.
Two hydrophope receivers were suapended from wooden cradles to a depth of six
neters in the water balow the ice. One hydrophone (Fig. L) was centered be-
neath small transducers XID-1 and XTD-2 of the array; the other was located
500 meters offshore in the direciion of the arrsy. The first hydrophone, the
moriter hydrophone, will be referred tc as "HP-1"; and the second, tha dis-
tant hydrophons, will bs refarred to as "HP-2%,

¢t ths experiments, transducers and hydrophones were comnected
by cables to the instrument van loceted onshore. All circuits and equipment
configuretions were checked while electrically energized, for possible slec-
trouzgaotic stray-coupling between the transmditter and receiver cables, by
lifting the tranadacsrs off the ice and ths hydrophones out of the water.
Zaro aignal levels verified proper funciioning of the systems.

During the courae of the experiments, westhsr and tesperatare changed
rapidly. Tesperatures ranged from about -20°F to +209F, High noise lsvels,
dne to the cracking of ice caused by wind gusts and tesperature variations,
were observed. Large preasurs ridges and oracks crisascroased the ice. Safe
ice extendad cne mile from shore. The ice cover, 20 t0 25 cm thick and very
denss and hard, wea transparent.

Bxporinents
-Raperimerts performed during Lske Champlain teats included:

l. Transmigsions of nominal 80 Hz land-to-uater seiswic signals
from a sagll hill; and their reception by two hydrophones submerged to & depth
of spproximately six meters bslow thes ice, and located offshors at a distance
of 200 and 500 meters respectively.

2. Ioe-to-water tranmaissions of nominal 88 Ha, 250 Hsz, 1000 Hs,

and band-limited voice signals from the surface of the ice ai about 180 to
200 myters offshore.

3., Dste:tion of phase variations in the 250 Hz transmissions from
the ice, caused by scatter from & rubber mat lowsred into the water:
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FIG, 1 MAP OF EXPERIMENT SITE AT LAKE CHAMFLAIN, NEW YORK

e ——




%,

FIG. 2 TRANSDUCER XTD-H-1 ONSHORE
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FIG. 3 STACK TRANSDUCER ON ICE
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a. Bensath the transmitter site on the ice (side scatter exper-
imants), and :

b. Beatween transxdtier and hydrophons sites respectively
(forward scatter experimsnts).

L. Messurements of:

2. Vibration amplitudes of the ice caused by seisxzic transdu-
cers, and .

b. The resulting acoustiz pressure on hydrophonss below the
ice.

5. MHeasuremant of temperature- and wind-induced acoustic noise
levels within several frequancy bands,

6. Determination of the effects of CO2 gas bubbles, in water and

between water and jce, on the coupling of acoustic signals transmitted from
1ce into water.

Organization of Deta and Method of Evaluation

In view of the immediate influsnce of thess sxpesrimsntal results on sub-
marine operations in arctic ice-covered waters, all pertinsni experimental
data, observations, and remarks are included in the Appendices. Data from
similar or repssted experiments are grouped together under one heading; there-
fore, log itams are not in chronological ordar. However, time and environ-
mentsl conditions for each experizment are given &8 "Remarks® in connection
with ths data. The data in Appendioss A threugh D and the celcoulations in
Appexdices E and F form the Lagis for the analysis and svaluation of experi-
nantal results in regard to:

1. Submarine communications and dsteciion im arctic ice-covered
wvaters, and )

2., Gommunications from hardened sites.

m.umgaunmumwnuumummmwmmmam '
in Fig. 5.

BEvaluation and In retation of CW and Pulsed Commsunications ts

A comparison of the experimental data presented in Appendices A and B
regerding the signal quality of transmissions frem land and from ice reveals
that the 88 Hz transzissions from ice into wter displsyed the most inferior
quality of any signals received during the experiments. Hominal 80 Hs trans-
amissions from lsnd via soil, rock, and water over & totsl distance of 600
meters reveals a much better signal quality than similar low-frequency (88 Hs)
transmisaions from the ics surface over a distance of only 300 metars. In
interpreting thess differences in low-frequency transmissions (80 and 88 Hz)
from land and ice, it should be noted that high-frequancy transaissions (250
to 1000 Hz) from the sams site on ths ice were far superior to ths 88 Hz

transmissions, Visible evidemce can be seen in PFigs, 6 to 11,

For exsmple, campare Figs. 6 and 7 (the recordings of the heterodyned CW
and pulse signal outputa from the distent hydrophone obtainsd from trans-
migsion of the 80 Hu signal frwm land) with Fig, 6 (the recording of the
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86 Ha signal from the ice surfacs). Due to the marginal quelity of ths 88 Hz
CW transaission from the ice-surface array of small seismic transducers, no
sttempt was mads to record pulse-amplitude modulatad signals at the ssme car-
rier frequency. In contrast, notice the recordings given in Fig. 9, which
show 250 Hz CW signsls transmitted from the ice surface by the same arriy
using small seiasmic tranasducers operating in the third harmonic resonance
mode. This recording (Fig. 9) clearly shows the variation in the received
250 Hs signsl level as a function of phase variations in the elactrical drive
voltages of ths array. In this case, phase veristions are produced by a
motor~driven pbase shifter in the drive circulit of the transducer arrsy.

0f particular intarest is the fact that ice-cracking nolse interference
with 250 Hs trensmissions is nsgligible when compared o the case of 88 Hz
transsicsions, even though embient noise levels measured by the hydrophone
in the 60 to 100 Hz frequency band are almost equal to those in the 230 and
280 Hs frequency band (Appx, B). Similar to the CW cass, control over the
array radiation pattern, and thus levels o/ tae pulsed 250 Hz signals by ad-
Justasnt of the pbase of the array, is indicated in Fig. 10.

A dirsct opticsl recoriing, mads by CEC Model 5-12i of the almost ideal
sin x
=5 type shape of the pu sed 1000 Hz signal tranmaitted from the atack

transdnocer, is seen in Fig. 11. Interference agaip iz negligible. Evidently,
high-frequancy tranamissions from ics are extremsly wall received by hydro-
phones in water, and are almost free of interference from ice-cracking noises.
In view of the axcellent reception of these essentially aingle-frequsncy sig-
nals in the voice-freguency spectrum, one would expect voice signals to be
receivad wll. 7This was mot the case. Band-limited voice signals
(250 %o 1500 Hs) transaitted from the stack transducer cams through perfectly
over ths monitor hkydropbons bsnsath the transsitter site. However, volce
signals picked up by the distant hydrophone were completely unintelligible,
These experinmsntal datz raise the following questions:

1. Why is the 88 Hz tranmuission from ice inferior to the 80 Hz
transminsicn from the mors distant land? (Propagation losses ars much grsater
in oarth then in hard ics and water and, therefore, should more than offset
differences in the primary power lsvels, Hydrophone recsiver circuite wers
idsntical and axbient noiss levals at hydrophone locations were almost equal
in both cases).

2. VWhy are transmissions from the ice, of 2! 'z signals, superior
%0 transeissions of 68 Hz signals? (In both casss, trar .itter ani receiver
circuits were identical excepi for the filter bandwidths of receiver circuits--
230 4o 280 Hs and 60 to 100 Hz respectively.)

3, Why is the voice signal lost over the longer distance? (Indi-
vidual frequencies in the voice spectrum -- e.g., 250 Hz and 1000 Hz -- came
through well above smbient noise lesvels.)

Analysis shows the phenomens that are primerily involwed:

1. In the case of 30 Hz signsl transmission from land, via soil and
rock into water:

a. Radiation of split Leams of shear waves from the transducers
on ths hill into earth, and

i

.+

ot nin it s e

i b 1 b oA ot

L e . R P | T iy R

- i AR b, bl A R Nt VTR VI

e 12 g et i,




=% E A

S

b. Refraction of one of these shear-uave beams &t the sloping seil-
water boundary and its conversion into a pressure wave in the wmter.

2. In ths case of trangmissions from ice into weter:

a. At low frequencies {88 Hz): Excitation and prepegation of flex-
ural waves in the ice, and

b. At high frequencies (250 Hz, 1000 Hz): Acoustic ccupling to the
wator and cutoff-type attermuation of the flaxural wave mods.

3. In the case of interference by ice-cracking noises:

8., At low frequencies (88 Hz): From distant cracks, prodominently
via the flexural-wave mode ¢f the ice, and

b. At high frequencies (250 Hz, 1000 Hz): Predominsntly via the
acoustic mode travelling through water.

_Aﬂg{ is_of Low-Freguency Transuission Mechanisms: 80 Hz from Land va. 88 Ha
from lco

Apparently transaission of the 8C Hz signals fres land via scil, rock, and
water iavolved sn efficlent mocds transformation at the sarth-wvater boundaxy as
deduced from the following data:

1. As little ay ihirty watts drive power at 82 Hz, fed into land-based
trensducer XTD-H-2 only, yielded an output at hydrophone HP-1 of 10 millivelts
?omup:;)ding %0 ~ 1 sicrobar asoustic powsr, 11 4B abowe noise lewel

Appx, &),

2. A total of 1.8 watty drive pover at 88 Hs for amell ice-based truns~
ducers XTD-1 and XT0-2 in the vicinity of hydrophons HP-1 yielded an gutput
of 86 millivolts, corresponding to ~/8 microbars of acoustic pressure, and an
ice vibration velocity of 0,027 mm/nec at the hole Zor the hydrophone {ippx.B),

3. Eotimate of the power balance of transmitted versus received sigralss

&, It is obvious that only & emall fraction of the origlnal 30 watts
fod into land-based tranasducer XID-H-2 reached the hydrophone: First of all,
the radiation efficiency of the transducer is at most only 25%; and secondly,
the radiated power is distributed over ssversl wodes, i.e., surfaco-wave
(Rayleigh wave) mode, subsurface pressurs mode, and the shoar-wave mode.)

b. Powar going into the subsuiface shear-weve mods is roughly 208 of
the total radiated power. This shear-wave mods sssias to play the wost impor-
tant rols in our case. Shear waves are radiated in the form of split beama
into earth in such a way that ons of the beams strikes the sloping earth-
water boundary at oblique angles. At such oblique angles, ranging fros sbout
109 to UO° relative to the sarth-water boundary wurface, approximately 20% of
the incidant power is transmitted into the water. it the earth-wsier boundary,
incident shear vaves are refracsted and transformad into asoustic-pressure
waves travelling in & predominantly horizontal direction.

4 comparizon of land-to-water with ics~to-water transwissions of

e.
nominal 80 Hs signels, raises the question: Why does the much lower acoustic

Y I Y ey

‘pressure (1 microbar at HP-1) in the land.to-water transmission produse gignels
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of a much higher quality at longer distances (HP-2) than the much higher acous-
tic pressure (8 microbars at HP-1) in the ice-to-water transmission?

d. The most likely reasons for the inferior quality of signals
trangmitted from ice over the shorter distsnce (200 m) are the following:

(1) A significant amount of the power is radiated by the flexural-
wave mode, Flexural vibrations in ics are accompanied by acoustic waves in
the weter and air; howsver, the acoustic portion of the flexural-wave signal
is ducted along the underside of the ice in such a manner that its intensity
decays exponentially with depth. The signal amplitude at a depth equal to
spproximataly the wavelangth of sound in air divided by 2 77 is reduced to 36%.
This would bs, in our case, roughly 0.6 meters. Hence, the signzl energy in
tllga ﬂe.emral-wave mode hardly reaches ths distant hydrophones at a dopth of
about 6 meters,

(2) One may conclude, therefore, that the hydrophones are
strongly decoupled from ice-cracking noise propagated by the flaxural-wive
@ode. This is correct for the hydrophones, but not for ths transducers based
on the ica. We have, then, the curious situation in which ice nolse enters
into transmissions at the transmitter. It happens that ice noise is vary
strong in transmissions at ~-88 Hz. It is at thess frequencies that the aud-
ible ice-crwkipg bursts are propagated over long distances by air-coupled
flexural waves, :

(3) Thus, ice-based transducers are energized mechanically by
flexural noise vibrations of the ice, and elsectrically by the signal source,
fhis, then, explains the inferior quality of low-frequency signsls transsitted
from ice a3 compared with those transmitted from land.

%La of the Transmission Mechanisms: High-Frequency vs. Low-Fraguency
ansnissions ge into Water

The superior quality of high-frequency transmissions (250 Hz, 1000 Hz)
relative to the low-frequsncy transmission (88 Hz) is intimately cormected
with the attemation of fleaxural waves as a function of frequency. Above a
critical fregquancy, the attemuation of flexural-wave modes in ice spproaches
a cutoff condition, This critical frequency is approximately 10f above the
frequency at whick the spectrum of the air-coupled wave reaches a sharp pesak
(flexural-wave propagation valocity in the ice then equals sound propagation
velocity in the air). The approximate value of this critical frequency in Hz
is given by: 0.3

fc ™ Ice Thicknoss in Neters

In our case, for ice that is 20 and 25 cm thick, fo £ 150 Hz. Thus,
a% higher signal frsquencies (250 Hz, 1000 Hz), distant noise, caused by ice
cracking and propagated by the flexural-wave mode, is almost suppressed. Sig-
nals gsre radiated effectively through water via the acoustic-wave mode only,
and any auperimposed low-frequency noise from flexursl vibrations of the ice
at the +*ransmdtter site is removed by filtering. Hence, tha superior quality
of high-frequency over low-frequency signals.

Signal Frequency Bandwidths and Noise Bandwidths

Filter bandwidths used for reception of low-frequency signals were from
60 to 100 Hz, and from 60 to 120 Ez (Appendices A and B). Therefore, filter

* 102 .
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bandpasses ware located in the spectrum where the most severe flexural noise
vibrations of ths ice surface occur. For reception of 250 Hz and 1000 Hz
transaissions, filter bandpasses were used of 230 and 280 Hz, and 300 to

1100 Hz, respectively. Considering that the bandwidth of pulsed (on-off) CW
signals is less than 10 Hz, further improvements in the signal-to-noise ratios
of received signals are certainly possible by reduction of these filtsr band-
widths,

The following fact is important. Ambient noise levels within these fre-
quency bands, as msasured by the hydrophones, were of the sams oxder of mag-
nitude (Appx. B). However, as pointed out previously, received signal-to-
noise ratios of the high-frequancy transmissions were much superior to those
of the low-fraquency transmissions. This is further confirmation' that inter-
ference from ice noise enters into low-frequency transmissions at the trans-
nitter site on the ice.

Evaluation and Interpretation of Results of Voice Cosmmunications Experimen

An attempt to receive voice signals in the 250 to 1500 Hz band failed,
in spite of the fact that the voice coming over the monitor hydrophone was
loud and clear. Apparently over long distances, voice aignals are not only
dsgraded by noise but also garbled by the dispersive propagation of weice
frequencies. This conclusion is derived from the fact that single 250 and
1000 Hz CW and pulssd CW signals were received by the dietant hydrophones
at signal-to-noise ratios of approximatsly 30 dB (Appx. B). This dispersion
of volce signals is caused by frequency- and angle-dspendent reflections and
rnfra.cszt:l.ons of acoustic waves at the ice and the sedimentary bottom of the
lake.

Evaluation and Into&mution of Results of Side-Scatter and Forward-Scatter
tet tection o & scts beneath the lce

The method of dstecting floating objects beneath ice by scatter-induced
variations of the phase of the CW signal tr. ssion is an extension of the
nSeismic Fence" Intrusion Dstection System.” Instead of a geimudc transducer,
a hydrophons was used for reception of the signal emitted from the mmall seis-
mic transducers located on the ice., The intrusion of an cbject floating be-
neath the ice into the acoustic beax emanating from the ice-based transducers

wan detected by the resultant change in phase of the received signal rslative
to the transmitted signal.

A fomm-rubber mat sbout 1 meter wide, 2 msters long, and 1.5 ck thick ws
uged &8 ths scatier object. This compliant rubber mat vas fastened {0 a repo;
pushed through a small hole in the ice, and lowered into the water. Two cld
batteries were sttached to the mat and servad as ballast to offgset buoyancy.
Ths choica of a thin shest of foam rubber as & scatter object was dictated by
requirements of: Firat, compliancy, 1.e., being able to forcs a largs object
through small holes; and sscondly, sound absorbency.

Side Scatter vs, Forward Scatter

1. Side-Jcatter eriments . 12
a. Scatier-induced phase variations of ths 250 Hz CW transaissions

- 88 & funciion of depth of the foam-rubber mat are recorded in Fig. 13. Pesk

17
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deviations from the original phase balance between transmitisd and racsivad
signals are 25 degrees. (See calibration at the beginning of the experiment
&3 shown on the right-hand side of the recording in Fig. 13, 30 mm = 25°,)
Maximum phase levels occurred when the foam-rubber mat was halfway between
the ice cover and the sedimentary bottom of the lake, The phase curve is
singls-humped. Phase levels corresponding to a bottom or top location of the
foam~-rubber mat in the water are almost equal -- the difference being 2.5
degrees, The phass curve is parfectly reproducible (Fig. 13).

be. For analyais, it is necesasry to ewphasize that in this side-
scatter case, the foam-rubber mat was moved up and down baneath the trans-
mitter sits within a maxisnmu of the radiation pattern of the square array of
seisic transducers on the ice surface. The distant hydrophonie receivar, on
the other hand, was within a minizum of this acoustic radiztion pattern which
was achieved by adjusting the phase relations betwsen the elecirical drive
voltages of the transducers with a four-chiannel phase shifter.

2. Porward-Scatter Experiments

Ths experimental setup was different in the forward-scatter case,
Only one seismmic transducer was used as a transmitter. Ths foam-rubber mat
was moved up and down in the water at a location about halfway betwean the
transmitter on the ice and the hydrophone receiver. The resultant phase vari-
ations, as a function of the depth of the mat, were now double-humped (Fig,.ll).
Phase variations went through zero when the foam-rubber mat was approximately
in line with the transducer on the ice and hydrophone. Now, phase lavels ob-
tained with the mat situated below the ice were distinctly different from
those obtained when the mat was lying on the bottom of the lake,

3. Analysis of the Results of Scatter Experiments

8, & detailed analytical explanstion for recorded phases veriations
of the CW signal as & function of ths position of the foam-rubber mat is given
in Appendix E., This theoretical analysis confirms the fact that the foam-
rubber mat represented an absorber-type scatter body. The scatter radistion
pattern of such a body has & minimm (oull) in the direction of the incident
wave, hance, the double-humped shape of the phase variation as & function of
the depth of the rubber mat in the forwuard-scatter expariment,

b, On the other hand, a maxiwum was obtained in a direction perpen-
dicular to the incident wave, heace, the single-humped shape of the phass var-
iation as & function of depth of the rubber mat in the side-scatter experi-
went..

ce Levels of phase curves associated with a top or bottom location
of tha rubbar mat are related to variable responses of the sedimentary botionm
to veriically incident, or otliquely incident, acoustic waves,

d. When the rubber mat is lying on the sedimentary boticm baneath
the transmitter site (side-scatter expsriment), both the rubber mat and the
sedimentary bottam absord the vertical incident waves. However, obligue inci-
dent waves (side-scatter experiment) ere reflected by the sedimentary bottom,
and absorbed by the rubber mat. At the underside of the ice, the acouatic
contrast betwesn the reflecting ice and the sbsorbent rubber mat is largely a
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function of orientaticn of ths rubber mat relative to the u.u'“ reciion of ths
incident acoustic wave (parallel in the side-scatter case, and perpendicular

in the forward-scatter case),

Effecta of Alr Bubbles and Sheets of Air between Ice and Water

Carbon dioxide emitted from a fire extinguisher was used to simmlate con-
éitions wherein a large sheet of air is trapped below the ice at the trans-
mitter aite., Ths formation of a sheet of CO2 gas almost thres meters in di-
ameter had no significant eff sct on lavels of the 250 Hz CW signals ewitted
from the mmall transducers. Bubble-induced phase changes are recorded in
Fig. 15, Noise disturbancas were observed while the CO; gas was being blown
into the water; however, once the bubbles settlad at the undersids of the ice,
no further interference occurred.

" CONCLUSIONS

1. The seimmic transducers and technigues developed for communication
through esrth media are applicable for communications frocm the surface of
floating ice to submerged sutmarines, Transmiasion frequencies must be
higher than the oritical fraquency associated with the response of flexural
vitrations to noise due to the cracking and bursting of the ice. Using only
2 to 3 watts of power, narrow-band signals with carrier frequencies of 250 Hz
(third harmonic of the fundmental frequsncy of the small seismic transducers)
and 1000 Hs (stack transducer) were transmitied froe ice into water and re-
ceived by sutmergsd hydrophones. Transmission and reception of voice aignals
iz the 250 Hs to 1500 Hz band over s long distance failed. Intelligible voice
roception was possible only by the hydrcphons sulmerged bon-a.t.h the trans-
mitter sits,

2. The seimuic transducers and techniques employed are applicable to
s¢ .mmic-acoustic communicaticns from lgnd, via earth and water, to sutmerged
suumarines. '

2. Narrow-band nominal 80 Hz signsls were transmitted from a hill to
hydrophones submerged beucath ice in the lake, 200 meters and 500 meters
offshors, respectively. 4 minimum of 30 watts yieldsed an 1l 4B signal-to-
noise ratio at the location 200 meters offshore and ¢ meters beneath ths lake
ice cover. Further iuprovements should be readily obtsinable by reduction of
the bandwidth of the hydrophons circuits from 4O Hz to 5 Hz.

b. In cpen water, where no noise due 'bo ice cracking occurs, acoustic
intarference levels are much lower and, consequently, signal powsr require-
ments are correspondingly less.

6

3. The "Seiamic Fence" Intrusion Detect:l.on Syatam is capable of de-
tecting objects floating in water beneath a solid ica cover. A foam-rubber mat
was pushsd through a hole in the ice into the water, This rubber mat induced
a scatter of the 250 Hz (W signals radiated from seismic transducers on the
ice, and resulted in variations of the phase of the received, relative to the
transmitted, signals. These scatter-induced phase variations of wp to 25°
wors measured as a function of the depth and location of the rubber mat bsneath
ths ice. Theoretical waluss corresponding to these scatter-induced phase
variations have been calculated and are given in Appendix E.
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APPENDIX A (DATA FROM IOG BOOK)
SIGNALS TRANSMITTED FROM ONSHORE VIA SOIL AND ROCK INTO WATER
DESCRIPTION OF SITES

1, Transmitber Site: A flat area on the slope of a hill about 100 meters
from the beach, and LO metars above the lake (Fig. 2).

2. Sites Preparation: Nona, Transducers placed directly on snow-covered,
frosen soﬂr, the worst possible coupling condition. The abbreviations ITD-H-l
and ITD-H-2 refer to high power transdicers.

3., Receiver Sites: Hydrophors detector HP-1; the monitor hydrcphone, 20 m
offehore; and HP-2, the distant hydrophons, 500 m offshore; both located at a
depth of 6 to 8 meters bensath the 20 to 25 cm thick ico of the lake (Fig. L).
Water depth at hydrophone sites 30 m and 50 m respectively. Ths hydrophone
sigral (Hs) measuring and recording equipment was locatad onshore in the van
and connected via cables.

EXPERIMENTAL DATA: SIGHAL CHARACTERISTICS, EQUIPMENT CONFIGURATIONS

Category 1:

Tranmaission: 80 Hz CW; rotating pattern (varivble phasing of XTD-B-1
Telative to ITD-H-2 drive voltage).

Transmitter: Two-transducer arrey.
Drive Power: 35 watts each.
Detection: By HP-1, 200 m offshore.

Recei 3 t Hs = § av (approximately 0.8 microbars). Raosived

written in the log book without marking corresponding phasing
of ITD-1 and IXTD-2, This was not the macimum received aigral. .

Anbient Noise: Hz = 2 aVv,

SKL Filter Sattings €0 to 100 Hs, Keithly amplifier (0 dB) ahead of
tine meter.

Observation: Pattern rotation perfect; Phase shift: clesan and clear.

Bvaluation: %—E-mhgg--lzﬁ.

Remarks: Date: 21 February 1967; Temperaturs: O to 10°F. Very short
Teasibllity test.

Catagory 23
Trangmission: 80 Hz CW, Rotating pattern.

Transmitter: Twe-transducer array.
Drive Power: Approximately &0 watts and 70 watts respectively.
Detection: By HP-1 and HP-2.

XL Mlter Setting: 60 to 120 Hz; Keithly amplifier (+20 dB) for the
T9Co! of signals by an optical recorder,
25




Observation: Pattern shifts, but signal passss through,

Remarks: Data taken in the lats afterncon 21 February 1967; Temperatures

¢ teens. Extremely atrong gusty wind. The cause of the shifting of
patterns was discovered at the end of this test. A runaway fishing shed,
blown across the cable by the wind, had pulled hydrophone HP-2 from the
intended water depth of about 7 meters to the top where it was wedged in
the hole drilled in the ice. In this position, the hydrophone is ex-
trenely sensitive to the shifting of the ice and variations of the water
level in the hole.

Category 3:

Transmission: 80 Hz CW; Pulsed CW.
Transmitter: Two-transducer array.

Drive Power: Approximately 60 watts each.
Detsction: By HP-1 and HP-2.

Raception:

a. Via PAR-JB.5 and PAR-HR-6. Lockin amplifiers switched to external
reforence, coherent detection position, for recording oa the optical
recordar,

b. Reception via PAR-JB-S and PAR-HR-8. Lockin amplifier in internal
refersnce non-coherent position for heterodyring received signals and
recording with Sanborn Recorder, Model 322 (Fig. 7).

Obssrvetion: Signals cems through strong and clear,

Remarks: Recordings made about midday 22 February 1967. Weathsr: Sanny
and windy. Strong ice motion, a large crack dsveloped in the ice between
HP-1 and HP-2 lstting water come onto the ice surface. (Shortly there- -
after HF-2, the distant hydrophone 500 m offshore, was brought in)

éate@gz g:

Transuission: 82 Ha CW.
Trangmitter: Single transducer ITD-H-2 sione.
Drive Power: 0 watts.

Soil Vibration: S in/s « 125 mm/sac (vertical soil vibration measured
ation Meter located 10 cm from XTD-H-2 piston edge.

Detaction: By HP-l.
Received Signal:t Hs = 10 mV (~~ 1 microbar).
Awbisnt Noise: Hs = 2,7 WV { ~ 0,27 microbar).,

KL Filter Setting: 60 Hz to 100 Hz; Kelthly amplifisrs (O dB) ahead of
Ballantine meter.

Remarks: Data taken 23 February 1967; Temperatures in the twenties (®°F);
Snowing; Hydrophone HP-2 had besen retrieved the day befors due to the
poor condition of the ice.

26




SIGKAL TRANSHISSION VIA ICE IWTC WATER

DESCRIPTION OF SITES

1, Transmmitter Site: On the ice about 165 to 200 meters offshore (Fig. 4).
The four transducers in the lirear array were set at 15 meters apart over a

span of U5 meters (Transducer XTD-4 closest to shore, and transducer 1TD-1
ths farthest offshore).

2. Receiver Sites:

a, Hydrophons detsctor HP-1, the monitor hydrophons, 200 m offshore and
halfway botween transducer XTD-1 the transducer farthest offshors, snd XTD-2
of linsar k-transducer array.

b. Hydrophone detector HP-2, the distant hydrophons, 500 m offshors, in
line with the array.

These hydrophones were submerged 6 to 8 meters below the ice; hydrophone
signal (Hs) measuring the recording equipment located in tks van onshore;
comection via cables.

EXPERIMENTS

Catagory 1:
Transmission Mode: 88 Hz GW.

Tranamitters Four-transducer array, ITD.

Radiation Pattern: Rotating vis motor-driven phase shiftar,

Drive Powsr: 0.9 watte each,

Datection Mode: By HP-1,

Received Signal: Levels and corresponding array phasing:
Howgy = 72 oV (+16 dB) 4 wmax = S4°
Hogyn = L v (-9 dB) 4 gy = b0°,

Ambient Noise: Has = 2 mv (-15 dB),

KL Fliter Setting: 60 to 100 Hy; Keithly maplifier: O dB + Ballantine
weter,
Recordings: HP-l and HP-2 (See Fig. 8).
+
Evalustion: .3__“ = 30 dB.
¥ ooax

Remarks: ls - dB levels refor to 1 microbar. Dats taken 20 Fob 1967.

Gatoggn 21
Tranamission Mods: 250 Hz CW,
Transmitter: Four-transducer array .

21
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Radiation Pattern: Rotating via motor-driven phass shifter,
Drive Power: Approximately 1 watt each.

%;f § Detection: By hydrophone HP-1.
= Received Sivnal:t Levels and corresponding array phasing:
| g e S (S J @ s 1P

Hogin ® 2.1 aV (-25dB) 4 ¥ min = 25°,
Ambient Noise: Hs ¢ 1 mV (-20 dB).

L Filter Setting: 230 to 280 Hz; Keithly amplifier: O dB,
Rocordings: HP-1 and HP-2 (See Fig. 9).
S+ N
Evaluation: =—w=— = 35 dB,
m—— B max

Remarks: Hs - dB levals refer to 1 microbar. Data taken toward noonm,
20 Pebruary 1967; Tsmperatures ~ 10°F. Strong signals wers also received
ty headphones ueing 20 dB gein on the Keithly emplifier.
Category 3:
Transmigsion Modes: 250 Hz Pulsed 7W.
Iravmmittor:s Four-transducer cvray.

Detection: By hydrophones HP-l sad HP-2, RC settings of PAR=JB-5 and
1, Oul 38¢c and 0,3 oec respectively. Semple recordings of received
pulss signals are shown in Fig. 10.

:
B iy

Y-
A

E" 3 .
B P
. 1§

3ol

’? smbient Noise: Levels wers measured in mV as follows (22 February 1967)s
- Epdrophone #1 Hydrophons f2 Eydrophons #3
“d 15 av 1.3 (later 15) aV¥ wide band
-‘ﬁ}, IV 0.6 m¥ 60 - 120 Hz
2wV 0.35 oV 230 - 280 Hs
6 uv 3 W 900 - 1100 Bz .

Remarks: Pulss signals wears received from hydrophones via SKL filtsrs
and Ksithly smplifiers with PAR-JB-5 and HR-8 Lockin amplifiers using:

a. External raference (coherent detection).
b. Internal reference (mon-coherent) heterodyns d¢ . stion.

¢c. Iaternsl reference (non-ccharsnt) haisrodyme debociion wiih
HB-8 locked to internal reference of PAR-JB-5. Relative phase

stability between nignals received from HP-1 and HP-2 is
maiutainad.

d. CW signals heterodyned with internal reference on PAR-JE-~S;
both signals appear to have constant phase relationship., When

28
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phasing of XTD array is rotated, hydrophone signals 1 and 2 change '
accordingly. ‘

e. Keithly Amplirier: HP-1 set at O dB; HP-2 set at 20 dB.

Evaluation: The 88 Hz transmiassion received by distant HP-2, contained
more ice-cracking noise than the 250 Hz transmission. It appears that
the §C Hz transmission from onshore via scil to water was less affected
by ice-cracking noise than the 88 Hz transmission from the surfacs of the
ice, Possible explanation: Noise vibrations emanating from the trans-

mitter aite are supsrimposed on the transmitied asignal thereby adding to
ambient noise from the receiver locale.
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HEASUR.D(IEN)I‘S OF TRANSDUCER INDUCED ICE VIBRATIONS VERSOUS H!IBOPHOEB SIGNAL
LEVELS (is

Category 1, Meaguremsnts at 88 Hz CW:

= XTD Drive Power: 0.9 watis each. Vertical ice vibraticns measured with . i
b, M#-T Vibration Mster at distances of 10 ca from the pistons of XTD-1 and ; :
: XTD-2 respectively, and on the cradle for hydrophone HP-1 (Fig. k). i

£ XL Filtar Setting: 60 to 100 Hz; Keithly Awplifier: calibration +2 dB. }
T X10-1 (alone): F =0.002 in/s = 50.“/sac.  Hs = LB aV. Lo
X™-2 (dlone): F'p = 0.0015 in/a = 36 “/ssc,  Hs = 3 u¥.
-1 and ITD-2 JF1 = 0,002 1n/o = 60 /e

e ) yiala; S F2 = 00019 n/s o B u/ses A
(Hs) max = 86 mV F cradle * 0,001 in/s = ZWm.

A 3t Noise: Hs = 0.5 mV (-27 dB).

Rudi. 1k8: Awbient noise vibration of ice below MBM-1 sensitivity.
Cate 2, Msagurements at 250 Hz Cus

XTD Drive Power: About 1 watt each.

Detection and Transmission Procedures: Set up the sams as for 88 Hs
measuremsnts (see Category C-1) except SKL filter set at 230 to 280 Hx.

XTD-1 {alone): f 1 = 0.0054 in/s = 0.133 ma/sec; Hs = 59 xY
IT-2 (slone)i g = 0.016 in/s « O ma/sec; Hs = 110 o 1

£ ) XTD-1 and XTD-2 energized .
L. {phased for max) yield f cradle ™ 0+00k in/s = 0.1 mm/gec.
. , (Hs) max = 93 xV (see Remarks)

7 Ambient Noise: Ha = 0.5 aV,
. , Ressarks: XTD-2 exhibited strong audible coupling to air. (Cradle vibra-

, tions measurable only when both transducers are on.) These msasuremonis
e were made on Z1 February 1967; Temperatures ~ 1G°F, Weather: Windy, cloudy.
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STACK TRANSDUCER AS TRANSMITTER (FIO. 3)
Cate@g 1:

Transuisnsion Mode: Voice.

Transsitter: Stack transducer™ (Fig. 3).

Drive Power: ~ 50 watts (peak).

Detection: By hydrophone HP-1. ,

K1, Filter Set t 250 to 1500 Hz; Keithly amplifier: (+40 dB) into
earphones) .

Obssrvation: Voice commnication excellent when used with above-mentionsd

ter.

Category 21

on: 1000 Hz CW, Pulsed CW; L periods ou - 32 periods off.
Detection: By hydrophone HP-1,

I, Filter Jetting: 900 to 1100 Hz; O dB, Ha = 80 =V (Ballantine signal
very strong), negligibls noise; received pulse signal has perfect
a:ln x

Remcrics: Data taken in the afternoon, 20 February 1967.

Category 3

Transmission: 1000 Hx GW; Pulsed CW.
Transmitier: Stack transducer.
Drive Poweri~ 50 watis.

Detection: By hydrophonss HP-) and HP-2. Signals received by HP-2 are
Teoorded on CEC Optical Hacorder (Fig. 11).

Anbient Noise: Levels in X0 to 1100 Hz band,

a, Hydrophone HP-1 noise = 6 a¥V (~ 0.6 microbar).
b, Hydruphone HP-2 noise = 3 mV (~ 0.3 microbar),

Cbssrvation: Diatant hydrophone signal (CW amplitude) was extremely

. strong (Fig. 11). This was the strongeat signal obtained. Pulse mods
cane thr)oueh clsarly on distant hydrophone. (Momitor HP-1 channel out
of ordar

Remarks: Attespted wic- commmnications to distant hydrephons HP-2
dus to severe interference Ly ice noise (when the bandwidth was
widensd from 900 - 1100 Hs to 260 - 1500 Hz),

¥This transducer was substituted for XITD-1 of ths array and used alorna, The

atack transducer is an experimsntal wideband (artificially magnetostriciive)
transducer made froR atacked ceramlic magnets, which &re ssparatsdi by plastic
lasinations having suitable compliance. hoitluon is in this case pro-
vided by ccils wrappad arownd the stack magnets, an inefficlent improvisa-
tion. Actual refined model is presently under construction.

30
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- = danca with test routines. stack transducer was lifted off the .
L ica to chock for possible electromagnstic coil-cable cross talk effects 1
. vhich are mors likely to occur in thls opsn-coil case, No such cross talk
* : was obsorved, On the other hand, pressing the stack transducer onto the

ice incressed the volume of the hydrophone signal, which iadicates im-
proved coupling.

L Dats taken 22 February 1967; Weather: Sunny and windy. Strong ice
motion, gaps began to dsvelop about 300 to 500 m cffshore.

MEASOREMENT CF STACK TRANSDUCER INDUCED ICE VIBRAYIONS VERSUS HYDROPHONE
SICNAL ISVELS

-
ﬁ Transmission: 1000 Hz CW. _
F Stack Drive Power: 66 V, 1.3 amp. (at input of 1000 feet feed cable),

.' Maasurements: Vertical ice vibration at X ca from stask transducer.
FEM-T Vibration Meter reading: Jf = 0,0035 in/s = §7-“/sec. Correspond- :
' ing hydrophone HP-1 sigual Hs = 56 wV {~ S microbarsj. ;

Ambient Neise: Hs = 1 mV (.~ O.1 microbar), (Bandwidth 900 to 1100 Es).

Remarks: Data taken 21 February 1967; Temperature: In the teens (°F), ’ E
faather: Cloudy, strong winds. 5
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APPENDIX C
. W - SCATTER EXPERTMENTS
EXPERIMENTAL SETUP :
Saown by diagrem in Fig. 12. ,
Transaission Mode: 250 Hz CW from either:

a). All four transducers (1 w aach) phased to originally yield a minimum
of the signal received by the hydrophone., Here the scatter object is sub-
merged beneath the center of the square array (3Sids scatter experiment), or

b). Only ons transducer (XTD-1) energized. Here the scatter object ia
submarged betwean ITD-1 and the hydrophons location (Furward scatter exper-

iment) .

Procedure: The scatter object, in our case a rubber mat approximately 1.5 ca

s & mlong, and 1 m wide, weighted with old batiaries, is lowered by
rope into' the water as shown in Fig. 12. As the rubber mai sinks to the
bottom or is pulled up to the surface, phase variations on ths 250 Hz signal
are recordsd (via the HE-8 Lockin swplifier) on the Sanborn 322 Recorder.

Results of the side scatter experiment are shown by the ‘recording in
Fig. 13. The peak phase deviation as calibrated is 25% and cocurs wisn ths

rubbar mat (scatterer) is halfway down (15 mesiers) betwaen the ice snd the
bottom.

FORWARD SCATTER EXPERIMENT

Results of the forward scatter experimsnt sre showr by the recording in |
Fig. 1ki. Hers the phase dsviation versus depth of acatterer is doubls-pasked.
The peak phase deviations are of the same order of magnitude, i.e., 20° to 39,

Remarks: Uith vegard to the double-humped and single-tumped phase deviation
curves for ths forward and side scatter experiments respectivaly, note that
the density and/or absorption-type scatter volume has & mull of its secondary
radiatiorn pattern along the direction of the incidant wave and a peak in a
direction perpendicular to the incident wave (See irmx. E).

The infiusnce of possible standing waves betwsen the ice and lake bottom
"3 unknown at pressnt., An attempt to solve this problem by use of a submurine
model for recording scatter froa a horizontally moving scatter objsct failed.
Battsriss of the submarine falled at the low temperatures, In the next atleapt,
external dc-power will be used to feed the submarine motor via wires from &

battary-charger.
EFFECTS OF AIR BUBEIES BETWEEN THE ICE AND VATER®
CO», blown via a long hose from & fire extinguisher below the ics, was

&

vaed to determine possible scatter effects (250 Hs); and posaible dsterioration

¥Efforts to contain the COp in & weather balloon submerged below the ice
failed, 'ss thess balloons burst.
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of 250 Hz signel transmissions. Iuitial releass of air bubbles appears mors
like a noiseburst disturbance than like scatter (Fig. 15). No appreciable
change in signal strength occurred, even thougk a large sheet ol CO2 gas was
formed betwean the ice and water at the transmitter site (For slight phase
change see Fig. 15),

Remarks: Data taken on 22 February 1967 towards nightfall. Attesmpts to run

a 1000 Hz scatter experiment using the stack transducer the next morning had

to be abandoned becauss of equipment difficulties under worsening weather
conditions,
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AFPENDIX D
80 Hz SCATTER EXPERIMENT FROM ONSHORE
EXPERIMENTAL SETUP

80 Hs Transmission Vie So0il Into Water From Large Transducer (Fig. 2):

Pmaams using a receiver recorder system and a rubber mat as a scatter
cbstacls ware similar te those previously described in Appx, C. Resultas ware
negative.

Remarks: This was only a very brief experiment made whils packing up on
1967. The relative locations of the scatter object and hydrophone
receiver do not appear to be correct for this case, Probing of seismic waves

-amanating from the ghore and bottom of the lake into the water is required for

intalligent exploration of seismic-sonic transmisaion for dstection of scatter
objects in water.
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APPENDIX E
THEORETICAL VERIFICATION OF RESULTS OF THE SCATTER EXPERIMENTS

Acoustic scatter radiation due to the presence of an cbstacls is describad
by the following formula (for its derivation, ses Appendix F):

a7 (wt-%R)
83“/7/—5:? . .

7 oy 4 £

S #y 2 (?- /’ Sinko 5% ."r”’ °o 2 R
A4 Z

4, z["'%/ ”{’a-g—%- Ao 7 %

{é zu[z—-—,c.-—-—(/—&,]

wvhere the aymbols (also usad in Appx. F) denmote:
Paeeesvsenscpressure awplitude of the scattered wave

Pgeeccecesss pressure smplitudes of incident planar wave propagsting slong
the x direction -

ko " 27 ...propegation constanty ¥ = ko Co

Ao
-{, b, heeeeodimensions of ths cbatacle

Recneecssescodistance batween point of observation (xysz) o:r p. axd the
gcatter obstacle

CosescecccasetOund velocity, f, donsity of the water

dewd dp . .deviations from co and o respactively w:lthln tha volure
£, b, h of the scattar obstacle ‘

Bescescsscocctound absorption coefficiant of ths scatier obstacls (For its
definition, sse Appx. F, Eq. (29).

During experimsnts, incidant acoustic waves were not perfectly phm;
however, for the distances used in the experiments, wave fronts can be con-
sidered sufficisnily planar to warrant use of Formula (1).

It is aloo safe to assume that the obstacle, the water-sosksd foam-rubber
rat, acts essentially as an absorber. In other wrds, the foma-rubber mat
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doss not present an appreciable inhomogeneity of velocity and density, i.e.,
Adc =¢C. Jdpf 2 in Formula (1). Consequently, only the third

tere of Formuls (1), involving the absorption coefficient a, is used for sub-
ssquent calculation of scatter-induced phas: variaticns of the 250 Hz CW tranms-
mission. (Notice that for R = x, i.e., in the direction of the incident wave,
Pg vanishes when ths obstacls is an absorber, This agrees with results of the
Zforward scatter experiment)

e A A . L A mo 3 b AU

ot
e RN ..

! In the following discussion of the side scatter problem, we must consider
““E ' the magnitudes and phases of the direct wave and zcatisred wave at the loca-
L tion of the hydrophone. The essantial facts of the sids scatter experiment
were: The direct wave was minimized while the primary wave (along the x di-
rection) towards scatter obatacle was maximized by controlling the drive
voltagea of the seismic transducers on the ice. In other words, the hydro-

' pbone was located in & minimum and the scatter object in a maximum of the
! acoustic radiation pattern. Thus, the hydrophone received a pressure

N e

- ; | 2 S AR Xyt |
i 478 Vxiiy? [_]
. C e | »
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The first term in Eq. (2) represents ths direct pressure wave (pgip.). The
factor m donotes the ratio of winimum to maximum of the direct acoustic radia-
tion pattern of ths square array of seismic transducers, The second term
represents ths scattered wave that emanates from the scattsr object.

Po o) ko X
T is the pressure incident cn the scatier object. From Eq. (2) 2
x
the relative scatter induced change of the hydrophone signal follows as: :

Yt g B o e s

SRR,

s Tus o f1- 44 /“7-/*’“"*77/" *
= Fir - [ :

# 7-‘/,} cos Ay (X7 7_//;777/
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where

- GTC o0 ¥ i
/4]
S A ~§- S1e7 £ -ﬁ—‘ LS o F .
"{' % /éa 6/2' éo /é

The scatter induced phase change ./ - 1s then given by

gl

A ces £, ﬁw—; -~V %% Jt/ /'—’37
[~ At £y (k7F —Yx% 3 2) |

Sabstitution of ths following experimental quantities:
Dimensions of the foem-rubbor Bat.cescesece <= 2m, h = ) ®, b= 0,015 m ;
An agsumed abeorption coefficieNticceccceese 4 ® 1
The wave propagation constantsceesocescsce

tan 4%, =

Depth of submersion of tiie foas-rubber mat
balow the square array of transducers....
Distancs from nat to sasscevsscne

The min-max ratio of the radiation pattern.
yields .
lar 4 ¥ o= az .

kg =1l

xw ba
Yy=30n
2« 1/20 (-26 dp)

This results in a phass change 4% of spproximately 12 degrees.

Considering

the crudensss of the thsorstical modsl used for derivition of

the scattar (Pormula (1), Appx. F), n?ramnt within the order of wagnitude
s

of the experimental value (25 degree

is satisfactory.

In this respoct, it is necessary to exphasize the naniba of the absorp-

tion coefficient “a®,

For derivation of Formuls (1), Appx. F, we have used

the relaxation time associated with absorption of diffuse sound by the walls
of a solid body as equal to the relaxation time associated with viscous sb-

sorption of monochromatic sound. Consequantly,

exparimental values for the

scattered pressure p, should be larger than calculated values by at least a

!”ta- Ny mdmm

s o n o Y i o . -

¥ &3 SinCe mOnOGAIGEAlLIC power flow dansity is four times the diffuse
power flow density for the same energy density (See Appx. F, Formulsg (27)

and (20) ).
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APPENDIX F
DERIVATION OF ACQUSTIC SCATTER FORMULA
Derivation of the scatter formula proceeds from the following equations:

f g Eulers Equation: £ ar pHV = —grad B 7]
o & 3 CZ{‘- . .
3 L , — :
- E Contimuity Equation: < f L il =2 O /27
o ‘ TR y
| 1
§ Equation of State: £ = //f:/ = ﬁ/ﬁf /3] . :
$ }
- ¢ g
"""" ﬁ, By considering incrementsl changes of pressure p and velocity v, as wall :
¥ as local variations (inhomogeneities) of the sound propagation velocity o,
i H _ the density /° and the viscosity A in the acoustic medium, one arrives at
- i an inhomogensous wave oquation for the acousiic pressuru, :
“’ ¢ The driving function of this wave squation contains the inhomogeneities 5
§ ofc, f and A ,
* * Solutiona of this inhomogensous wave equation are obtaired by successzive ]
ot e approximations, involving in cur case perturbation of an originel plune wave
3 solution.
v ¢ We procesd as indicated:
F ;' ,f\ z 0 L—{-ﬂ-‘ _,.-‘-’l /:: ) N \ i
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‘Hj‘ R \ PR . ’ ) /'l'('/j / . i
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